Introduction
The nature of neurologically induced gait pathologies, like in children with cerebral palsy (CP), is complex [1] . During clinical assessment, clear allocation of cause and effect mechanisms between primary, secondary and tertiary gait impairments is difficult due to neurological and intersegmental dependencies, but essential in deciding upon the most efficient medical treatment [2] . This is especially important for progressive gait deviations like crouch gait, which is characterized by excessive knee flexion (≥ 20°) and increased hip flexion during stance phase of the gait [3, 4, 5] . Known risk factors for the progression of crouch gait are increased knee flexion as well as the change in foot deformity. During an early state of crouch gait an apparent equinus is often present, which later on progresses or changes into an equinoplanovalgus deformity [2, 3, 5] . In order to be able to delay this progression and thereby to preserve the child´s walking ability, it is crucial to gain a better understanding of the development of these risk factors. Traditionally weak and short calf-and intrinsic foot-muscles as well as malrotated lever arms are thought to be causative for the development of an equinoplanovalgus deformity [2] .
Although three dimensional gait analysis (3DGA) enabled more accurate measurement and thereby increased the biomechanical understanding of this gait deviation [6, 7] , the development of foot deformities are still not exactly understood. This lack of knowledge is on the one hand related to the previously limited interpretation of 3D foot data in relation to the conventionally used single vector model of the foot [8] and on the other hand due to the limited number of studies conducted with respect to this topic.
Most of the studies on foot deformities in children with CP focused on local and more proximal effects of isolated surgical correction of equinus foot deformity [9] [10] [11] [12] . The results of these studies showed that, although after correcting an equinus deformity ankle kinematics were significantly improved, the surgical correction had a smaller and more variable effect on more proximal joints like the knee. Studies which investigated the correction of more severe crouch gait deformities, like a knee flexion contracture [13, 14] or a pes equinopalnovalgus deformity [17] [18] [19] , were either multilevel surgeries, not allowing to clearly allocate the effect of correcting one isolated joint deformity, or had chosen for local outcome measures and did not investigate the surgical effect on other joints.
Another problem in this patient population is that the primary underlying neurological impairments hamper a straightforward allocation of secondary impairments (i.e. knee flexion contracture) and the development of tertiary deformity. Consequently, measuring the effect of artificially induced contractures on healthy subjects, hence with no neurological interference, has been shown to be a meaningful approach. The studies from Matjačjae and Olenšek [18] , Van der Korgt et al. [19] and Whitehead et al. [20] used this approach to determine the effect of an artificially induced hamstrings and iliopsoas contracture on the nature of crouch gait in healthy adults. Their results showed that a short psoas muscle alone significantly increases flexion around the ankle, knee and hip. Thereby they disproved the traditional belief that a hamstring's contracture primarily causes a crouched walking pattern.
Therefore, the purpose of this study was to test the effect of an isolated bilateral knee flexion contracture on foot motion in healthy children using a recently developed multi-segment foot model. As healthy children, in contrast to CP children, are expected to have strong calf and foot muscles and a good overall motor control allowing them to adapt to the induced knee flexion, it was hypothesised that hindfoot and forefoot motion as well as ankle kinetics would not significantly differ between crouch and normal walking.
To the authors' knowledge this is the first study which investigated the effect of proximal joint abnormality on the foot by means of a multi-segment foot model [21] . Marker placement for the Oxford Foot Model (OFM) was carried out in accordance with the protocol of Stebbins et al. [22] . Correct marker and knee alignment device placement (during the static trial) were checked by capturing and processing two dynamic normal walking trials of each participant prior to data collection. When correct placement was assured, a specially designed hip-knee-belt was applied to the participant's lower body in order to produce a symmetric artificial knee flexion contracture of 40° (Fig. 1) . Placement of the hip-knee-belt was carried out in accordance to brace placement in the study by Whitehead et al. (2007) .
The belts were made of a non-slippery soft bandage material (FABRIOFOAM™,TensowrapNu) and the straps between the hip and knee belt were made of non-stretch nylon webbing.
Bilateral sagittal knee alignment of 40° flexion was assured in standing position by using a hand-held goniometer and by tightening the straps accordingly. Knee extension was limited to this angle as an extension deficit of 40° during midstance is often seen after the transition from mild to more severe crouch gait [2] . After giving the participant three minutes to accustom him/herself to walk in this flexed walking pattern, dynamic data collection started.
Participants were instructed to look straight ahead and to walk to the other end of the gait laboratory. Four trials of both the right and the left leg, (if the right/left foot only landed on either of the two force places) during walking were recorded. Next the knee-belt was removed and the child was asked to walk normally within the same speed range as during crouch, in order to avoid any speed induced kinematic differences between the two conditions [23] . Walking speed was controlled first by measuring the numbers of frames the child needed to walk through the previously defined calibration space. In addition the child was verbally instructed to match the walking speed during the crouch session. Data collection of normal walking was stopped when four successful trials of each leg had been captured.
Data analysis
The three kinematic and kinetic most consistent trials for each condition were selected by visual inspection for further analysis using Polygon 3.5.1 (Oxford Metrics Group, Oxford, UK).
Peak values of the following maximum kinematic and kinetic outcome variables during stance phase were executed using Matlab R2010a (Mathworks, Natrick, USA): hindfoot and forefoot dorsiflexion, hindfoot inversion and internal rotation, forefoot supination and adduction as well as the internal plantarflexion-, valgus and internal rotation moment of the foot.
Statistical analysis
The Shapiro-Wilks test was used for assessing normality for the outcome variables described above. For those normally distributed, a paired t-test was used to analyse the mean difference between the two conditions while for those not normally disturbed the Wilcoxon test was used to analyse differences between medians. Differences with a p value smaller 6 than 0.05 were accepted as statistically significant, SPSS 17,0 (IBM, Armonk, USA) was used for all statistical analyses. Table 1 summarizes the participants' characteristics of the 30 data sets which were included in this study. Ten data sets were excluded due to minor gait deviations (i.e. tibia torsion < 10 or > 20°) and / or missing variable values due to marker loss or other technical faults which became obvious during data processing. Table 2 summarizes the most important descriptive parameters for each variable. Gait curves of all measurement outcomes are shown in Figure 2 and 3. Significant differences between normal and artificial crouched walking were found for all foot outcome variables analysed in this study (Table 2) . Walking speed was similar in normal (0.66 m/s) and crouch (0.65 m/s) walking conditions. In the sagittal plane, maximal knee flexion during the stance phase, which was artificially increased by wearing the knee-brace during crouch, was on average 45° greater in crouch than during normal gait.
Results
On average, participants showed significantly more maximal sagittal hindfoot and forefoot motion during stance phase when walking in artificial crouch than when walking normally Kinetic data of the foot showed that the median maximal internal plantarflexion moment in stance was significantly reduced during artificial crouch gait than when walking normally (Mdn = 1.16 Nm/kg versus Mdn = -1.09 Nm/kg, (p < 0.001).
Median maximal internal valgus and internal rotation moment were significantly greater during crouch than during normal walking (valgus moment: Mdn = 0.2 Nm/kg vs Mdn = 0.15 Nm/kg; internal rotation moment: Mdn = 1.14 Nm/kg vs Mdn = 0.11 Nm/kg, p < 0.05). 
Discussion
Motion of the hindfoot relative to the tibia and forefoot relative to the hindfoot in all three planes of motion, as well as the moments within the foot segments were found to be significantly different between the artificially induced crouch and normal gait. The comparison of walking speeds showed these differences were not due to a difference in walking speed, as walking speed between the two conditions was successfully controlled and did not significantly differ between the two conditions. Although differences between the two conditions in kinematic and kinetic variables were small, they were statistically significant and showed consistent movement patterns (Fig 2 and 3) . On average, participants compensated for the induced knee flexion with pronating (dorsiflexion, eversion and external rotation) of the hindfoot, a calcaneus position which is often seen in pathological crouch gait [2] . The increase in forefoot dorsiflexion might be caused by the eversion of the hindfoot, which effectively unlocks the midfoot. The less supinated and more adducted forefoot position in the induced crouch condition showed that the foot did not totally loose its stability. Artificial crouch resulted in a reduced peak plantar flexion moment compared to normal gait. This reduction might be due to the crouched position itself, as well as due to the unlocked midfoot, which makes the foot instable and unable to act as a stable lever arm for propulsion [2] .
In general, due to the artificial knee flexion contracture, forward incline of the tibia over the stationary foot is greater during midstance in artificial crouch, thereby increasing dorsiflexion of the hindfoot. Furthermore, excessive knee flexion allowed for an increased motion between the multiple foot segments. This increase in motion between the three foot segments and especially the pronated hindfoot position during stance phase are known to interfere with the normal stabilizing foot mechanics of this phase. Although the forefoot kinematics of the participants in this study showed that they were still able to stabilize the foot, it is questionable if this supposable muscular stabilization would be equally effective in neurological impaired patients.
Therefore, an artificial knee flexion contracture can diminish the deceleration and stability function of the second ankle rocker as well as that it compromises the accelerating ability of the third rocker. As these changes in foot kinematics and kinetics were observed after only 15 min walking in artificial crouch gait, alternation in foot mechanics after a longer period of time might even have further consequences even in healthy participants. In case of a CP child with a knee flexion contracture, who is forced to walk in this bend position for a longer time and whose muscles strength and control are known to be diminished [2] , development of a midfoot break and an equinoplanovalgus deformity in relation to such a contracture, are conceivable. Consequently any mechanical or therapeutic treatment aiming to improve knee extension in CP children may also reduce one possible risk factor for compensation mechanisms around the foot. However, any meaningful interpretation regarding possible mechanisms in children with CP should be made with caution, as there are no studies offering comparable 3D foot data from the CP crouch population as derived by the OFM.
Clinical diagnosis of foot deformities is mainly based on weight bearing radiographic assessment techniques, visual gait analysis and plantar pressure measurement techniques.
Until now, only a small number of studies has investigated in vivo motion hindfoot [24, 25] and forefoot motion [21, 26, 27] during gait in healthy adults. Verification of clinical diagnosis of foot deformities in the paediatric population during gait with a multi-segment foot model like the OFM is still needed [28] .
The data from this study would be very appropriate for a meaningful comparison with OFM data from CP children with crouch gait, since walking speed and the degree of knee flexion in this study are similar to those with CP [23] . Nevertheless the findings of this study have to be regarded with caution, as crouch gait in our study was solely induced by an increased sagittal knee angle. In the population of interest, crouch gait might be also induced by other factors such as an instable foot, weak extensor muscles and poor selective control of the lower limb [2] . All these impairments reduce the ability to adequately control the knee joint during stand phase and thereby force the child into a crouch position. Besides these differences in onset between pathological and artificial crouch gait, CP children who primarily walk in crouch gait due to a knee flexion contracture may not be able to compensate in the same way as the participants of this study. All participants in this study had strong and intact plantar-and dorsiflexors and could thereby counterforce the increased loading of the plantar, medial portion of the midfoot during crouch. Furthermore, their kinematic curves showed normal patterns, even though kinematic values were altered, indicating that their physiological gait pattern is still present. Children with CP have never experienced a physiological gait pattern, and might therefore not able maintain their control as good as healthy children, especially not around such a distal segment as the foot.
In relation to the measurement procedure, practical difficulties in correct marker placement of the hindfoot segment were experienced. The small calcaneus surface of a child made fixation of the CEPG as well as exact placement of the two other markers difficult. During walking skin movement and furthermore detachment of the CEPG were recognized. These problems might be related to the high inter-subject variance for the hindfoot-tibia motion mainly in the frontal plane, which was found in this study, and which has also been reported by previous studies [28, 29] .
Conclusion
In conclusion, the results of this study showed that a single knee flexion contracture has an influence on foot motion during gait in healthy children. Applied to CP children with crouch gait, this means that a knee flexion contracture is one of the possible risk factors which is causative for developing a foot deformity. In order to verify these findings, further studies recording OFM data of CP children walking with crouch gait need to be conducted.
Conflict of interest statement:
None of the authors are aware of any financial or personal relationships with other people or organizations that could improperly influence this work.
Funding: This piece of research was conducted as a part of the postgraduate master degree in physiotherapy of the first author and was financed by the student herself.
Total words: 2997 Values represent mean ± SD.
6. 
